Introduction
GaN-based semiconductors are the most promising materials for next generation power switching devices due to their remarkable physical parameters such as high breakdown electric field, high saturation velocity, high electron mobility, and good thermal conductivity [1] . Vertical devices are more preferable than lateral ones for discrete high-power switching devices, because vertical ones are more area-efficient. However, etching process during the fabrication gives rise to plasma damage and bad surface morphology. In this work, we investigated effects of surface damage caused by etching which can be modeled as parasitic resistances both in the vertical trench-and the mesa-gate GaN MOSFET. TMAH treatment after etching was proposed for smoothening of surface and found to be efficient in reducing the leakage current.
Experimental
The layer structures for the device were grown on sapphire substrate by metal-organic chemical vapor deposition (MOCVD). Layers consisting of Si-doped n + -GaN layer for drain contact (0.5μm), n --GaN layer for the drift (1μm), Mg-doped p-GaN for the channel (0.5μm), and Si-doped n + -GaN for source contact (0.5μm) were grown. The doping densities measured by hall measurement for the n + -GaN, n --GaN, and p-GaN are 1×10 18 , 5×10 16 , 3×10 17 cm -3 , respectively.
The cross-sectional images of the fabricated trenchand mesa-gate MOSFET are shown in Fig. 1 . Etching for the gate and the drain was performed by using Cl 2 /BCl 2 gas mixture in inductively coupled plasma (ICP) etcher. Differently from the trench-gate MOSFET, the mesa-gate MOSFET requires etching only for defining gate region. A 38 nm-thick Al 2 O 3 layer as gate insulator was then deposited by atomic layer deposition (ALD). Ti/Al/Ni/Au (30/120/40/50nm) contacts are used for the source and drain electrodes, which are formed by the usual lift-off process. As the gate metal, Ni/Au (100/120 nm) is used.
Results and Discussion
The I D -V D characteristics from the fabricated trenchand mesa-gate MOSFET are shown in Fig. 2 . Both devices exhibited threshold voltage of ~ 11 V and the devices were modulated to gate voltage of +15V. The mesa-gate MOS-FET demonstrated excellent pinch-off characteristics with drain current of 1.5 mA/mm, but with unstable characteristics at higher gate voltages. On the other hand, the trench-gate MOSFET showed very low drain current of few μA/mm and very bad pinch-off characteristics due to high gate leakage current as shown in Fig 3, approximately 2 orders higher in magnitude compared to the value for the mesa-gate MOSFET.
To determine the mechanisms responsible for the observed drain current and gate leakage current, equivalent electric circuits for the fabricated devices are modeled as in Fig. 4 . For the trench-gate MOSFET, we observed severe gate leakage current, caused by roughened surface after plasma etching, which can be represented by large leakage paths, I GS and I DG , through the parasitic resistances between gate and source/drain. This is the reason for the low drain current and bad pinch-off characteristics, because I GS (I GD ) is dominated especially at low V DS . On the other hand, the leakage paths are relatively ineffective for the mesa-gate MOSFET, because the etched surface was not totally covered by gate metal and hence the area of the leakage path becomes small compared to that of the trench-gate MOS-FET in which the etched area was completely covered with gate metal. It is noticed that electrode configuration in vertical type GaN MOSFETs also can be important in determining the device performance.
We have utilized the TMAH treatment for the purpose of not only smoothing the roughened surface, but also removing the damage caused by plasma etching. The characteristics of both devices after TMAH treatment were shown in Fig. 5 . Both devices demonstrated high drain current of 7 mA/mm by good modulation characteristics and low threshold voltage of 5 V by decreased gate leakage current. The gate leakage currents are lower value by reduced surface damage than value of devices before TMAH treatment.
Conclusions
In summary, effect of etch damage on device performance by surface damage in trench-gate and mesa-gate GaN MOSFET have been demonstrated. These devices make large leakage paths through the parasitic resistances due to surface damage, which deteriorate gate leakage current. The device characteristics can be improved by surface smoothening such as TMAH treatment. d e d A b s t r a c t s o f t h e 2 0 1 1 I n t e r n a t i o n a l C o n f e r e n c e o n S o l i d S t a t e D e v i c e s a n d M a t e r i a l s , N a g o y a , 2 0 1 1 , p p 1 9 6 -1 9 7 P -6 -2 
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